The objective of this study is to promote understanding of the structural evolution of fractures that affect the transport of contaminants in geological media. Highly soluble potassium alum was used as an analogue material, and was grown in an open fracture from a solvent transported by advection along the fracture, in order to observe decreases in the aperture of the fracture. In addition, the growth rate law of K-alum was experimentally determined based on the relationship between relative supersaturation and linear flow velocity. The sealing result was compared with simulations based on a simplified numerical model using the experimentally determined growth rate law, and it was found that the time necessary for sealing was longer for the simulation than for the experimental sealing. This discrepancy was explained by the additive growth rate of the original seed crystal and secondary crystals nucleated near the fixed seed crystal. Thus, it was shown that primary and/or secondary nucleation is an additional factor for prediction of the structural evolution of fractures in geological media.
Introduction
Recently, research into geologic disposal of high-level radioactive waste and geological storage of carbon dioxide, which target deep geological environments, has been conducted in many countries. To evaluate the mechanics and hydraulics in deep geological environments, there is a need to understand the fluid flow properties in geological media. [1] [2] [3] In particular, we have focused on the fluid flow properties through a water-pathway (or a flow network) formed by fractures in geological media, because hazardous contaminants, including radionuclides, are transported through water-pathways in deep geological environments. 4, 5) However, the structure of fractured geological media is not invariable with respect to the temporal and spatial scales. For example, the structure of fractured geological media is continuously altered by dissolution and precipitation processes, due to the flow of groundwater through waterpathways in geological media. 6, 7) Accordingly, it is necessary to understand the dynamics of the structural evolution of fractures in order to evaluate the fluid flow properties related to the long-term temporal scale and the various chemical reactions in deep geological environments.
Dissolution and precipitation alter the aperture of fractures and the tortuosity in fractured geological media, which consequently alters the permeability of fractured media and the diffusivity of solutes. These changes conversely affect dissolution and precipitation in fractured geological media. That is, dissolution and precipitation processes in fractured media are extremely complex rock-water interactions coupled with fluid flow.
In this study, we focus on the decrease in aperture of fractures as the dominant factor for the change in permeability of fractured geological media. The decrease in aperture is affected by the following factors: growth rates of minerals that seal water-pathways, the degree of supersaturation for sealing minerals, transport rates of solutes necessary for the growth of sealing minerals, local deformation rates, fracture separation rates, and so on.
Most experimental studies do not focus on the decrease in aperture (or vein formations) in fractured geological media. Lee et al. 8, 9) conducted pioneering experiments designed to simulate vein formations. To predict the growth rate of natural calcite vein formation, Lee et al. 8, 9) conducted precipitation experiments of calcite in a simulated fracture composed of calcite during advective flow, and discussed the rates of vein formation based on the growth rate law of calcite. However, the growth rates were too low to produce grains that have enough size to study the details of microstructural evolution. Therefore, Hilgers et al. 10) conducted analogous experiments using potassium alum (K-alum) in order to allow real-time observation at reasonable time scales, and discussed the microstructural evolution of veins formed by advective flow.
The main objective of this study is to discuss the decrease in aperture in fractured geological media during sealing by crystallization. K-alum was used as an analogue material, as in the experiments of Hilgers et al., 10) and constant fluid flow experiments of K-alum were conducted under advective supersaturation conditions. We also discuss the relationship between the growth rate of K-alum and the linear flow velocity, the change in water pressure during crystallization of K-alum, and the difference between the time necessary for sealing calculated from the growth rate law of K-alum and the time necessary for sealing based on the change in water pressure measured experimentally.
Experimental

Experimental apparatus
Constant fluid flow experiments were conducted to observe crystal growth of potassium alum in aqueous solutions. Figure 1(a) illustrates the experimental apparatus for observing crystal growth of K-alum. The experimental apparatus consists of five units: a reservoir (2-L polypropylene bottle) for storing the saturated solution, a pump, a water bath controlled at 60 C, a transparent reaction cell with seed crystal, and a discharge container. The reservoir and pump are stored in an incubator with the temperature controlled at 26 to 30 C. The temperature fluctuation of the incubator was within AE0:3 C. The reaction cell was kept at room temperature (24 AE 1:0 C). The reservoir was connected to the reaction cell with a Teflon tube (2 mm outside diameter; 1 mm inside diameter) through the pump. Two types of reaction cell were used. One type was a cell for measuring the crystal size of K-alum in aqueous solutions ( Fig. 1(b) ). The reaction cell consists of three acrylic plates (80 mm Â 240 mm). The upper plate has two ports for inlet and outlet of the solution and the middle plate (8 mm thickness) has a slit (5 mm Â 210 mm). Joining of the acrylic plates and fixation of the seed crystal on the lower plate was achieved using silicone glue. The seed crystal was fixed at the central part of the water-pathway on the lower plate. The other type of reaction cell was a cylinder cell (5 mm inner diameter; 420 mm length) for measuring water pressure during sealing by crystallization of K-alum ( Fig. 1(c) ). The cell was connected to the tube using silicone glue. A pressure sensor (Fiber Optic Pressure Sensor, FISO Technologies Inc.) was inserted 10 mm downstream from the inlet of the solution and was connected to the cell using silicon glue. The seed crystal was fixed with silicone glue, 400 mm downstream from the inlet. 
Starting material
Potassium alum (K-alum; KAl(SO 4 ) 2 . 12H 2 O; Wako Pure Chemical Industries, Ltd.) was chosen as the analogue material for these experiments. The salt was separated into two groups using sieves; one group is of selected particles with sizes l ranging from 250 mm to 1 mm, and the other group is particles with sizes l > 1 mm. These particles were used as seed crystals. Seed crystals from both particle groups were used to measure the growth rates of K-alum crystal, and seed crystals from the group ranging from 250 mm to 1 mm were used to measure water pressure during the process of aperture decrease. The selected crystals exhibited octahedral morphology and were transparent. The salt is highly soluble in water and the solubility of the salt versus temperature was determined by Mullin.
11)
2.3 Experimental procedure Firstly, the changes in crystal size l during crystallization of K-alum were observed at various flow velocities under supersaturated solution conditions. Table 1 gives the experimental conditions. The linear flow velocity U was set at 0.04-0.4 mm s À1 by setting the pump flow to 0.1-1.0 ml min À1 . When the saturated solution in the reservoir was pumped out from the incubator (26 to 30 C) and taken to the laboratory (24 AE 1:0 C), the solution became supersaturated due to the temperature decrease of approximately [1] [2] [3] [4] [5] [6] C. The relative supersaturation in this study is defined by
where T s is the saturation temperature of the solution in the incubator, T g is the growth temperature of the K-alum crystal and CðTÞ is the solubility in grams of K-alum per 100 g solution at arbitrary temperature T, calculated based on the solubility data (0 T s 40) 11) as
When the supersaturated condition is maintained until the solution reaches the seed crystal in the reaction cell, the seed crystal can grow by the driving force of supersaturation. On the other hand, the spontaneous nucleation of solute in supersaturated solutions can be expected. However, if the supersaturation level and rapid cooling rate can be controlled, spontaneous nucleation is limited. 12) Comparing the cooling rate in this study with the data of Titiz-Sargut and Ulrich, 12) the cooling rate in this study corresponds to a rapid case, so it was expected that the cooling rate used in our experiment would suppress spontaneous nucleation in the aqueous solution. The growth of K-alum in aqueous solutions in the reaction cell was experimentally observed using a stereoscopic microscope. Images were regularly taken with a CCD video camera and stored on a computer hard disc.
Secondly, the water pressure was measured during sealing by the crystallization of K-alum. These experimental conditions are given in Table 1 . The water pressure in the reaction cell was measured immediately after the start of experiment and the pressure values were recorded. In addition, images were taken with a digital camera. Figure 2 shows the changes in the crystal size l of K-alum for relative supersaturation ¼ 11% and linear flow velocity U ¼ 0:167 mm s À1 during a typical experimental series. The crystal size was measured regularly as the length between crystal facets of the seed crystal, and the growth rate corresponds to the growth rate normal to the facet. Figure 2 clearly shows that the relationship between crystal size and reaction time is linear, and the growth rate R (slope of the line, mm s À1 ) of K-alum is 1:64 Â 10 À5 mm s À1 . However, the difference in the growth rates for K-alum crystals from both particle groups is within 30%. Repeating the same procedure, growth rates were determined for K-alum crystals in other experimental series. 10) The two dotted curves are loci of the 90% confidence limits and most of data are within these dotted curves. The linear relation between the logarithm of the growth rates of K-alum and the logarithm of the linear flow velocities indicates that the growth rate of K-alum depends on not only supersaturation, but also on the linear flow velocity. This suggests that the transport of the solute by the stirring effect derived from fluid flow is important factor that influences the growth rate of K-alum crystals. Thus, Mullin 11) proposed a semi-empirical equation relating the growth rate R of K-alum crystals with relative supersaturation and linear flow velocity U as follows:
Results and Discussion
Growth rate of K-alum
where the units of R and U are mm s À1 , k is a coefficient related to the growth rate, and the exponents m and n are constants. This study adopts eq. (3) as the growth rate law for K-alum crystal. To determine the value of exponent m for relative supersaturation, eq. (3) was transformed into eq. (4) as follows: Figure 4 shows the relationship between the logarithm of the growth rates for K-alum and the logarithm of relative supersaturation. These growth rates include the present experimental result and the rate data from Onuma et al., 13) Mullin, 11) and Hilgers et al. 10, 14) Experimental data for the logarithm of ranging from À1 to À0:5 has not been collected so far; therefore, the present study has added new data within this range. In addition, Fig. 4 shows the regression line fitted using eq. (4) and the loci of the 90% confidence limits contained by the two dotted curves. The slope of the line, that is the exponent m, is calculated as 0:93 AE 0:08.
Next, to determine the rate constant k and the exponent n, eq. (3) was transformed as follows:
log R À 0:93 log ¼ log k þ n log U ð6Þ Figure 5 shows the relationship between log R À 0:93 log and log U, and the regression line fitted using eq. (6). This line indicates that log k is À3:98 AE 0:03 and that the exponent n is 0:13 AE 0:03. Accordingly, the growth rate law for the K-alum crystal in this study is expressed as follows: 3.2 Decrease in aperture during sealing by crystallization of potassium alum Figure 6 shows images during crystallization of the Kalum seed crystal fixed at the inner bottom of the acrylic pipe cell. The direction of fluid flow is from the right side to the left side. Figure 6(a) shows the seed crystal after 5 hours from the start of the experiment. The seed crystal is located near the black dot indicator at the right of the image. Figure 6(b) shows that the seed crystal has grown approximately 2 mm after 7 hours from the start of the experiment. These figures show the presence of small crystals downstream from the seed crystal. These small crystals began to nucleate within the first 2 hours. After 28 This study Hilgers et al. 10) = 11% Fig. 3 Relationship between log R and log U at ¼ 11%. The open circles represent data from this study; the closed triangles and closed diamonds are data taken from Hilgers et al. 10) and Mullin, 11) respectively. The solid line is the regression line and the two dotted curves are loci of the 90% confidence limits. This study Hilgers et al.
10)
Hilgers et al. 14) Onuma et al. 13) y = -3.95 + 0.93 x r = 0.711 Fig. 4 Relationship between log R and log . The open circles represent data from this study; closed triangles are data from Hilgers et al., 10) closed diamonds are data from Mullin, 11) open diamonds are data from Onuma et al., 13) and the large crosses are data from Hilgers et al. 14) The solid line is the regression line and the two dotted curves are loci of the 90% confidence limits.
hours, the seed crystal grew larger and occupied most of the void in the pipe (Fig. 6(c) ), therefore discharge of the solution stopped. Figure 7 shows the change in water pressure during the crystallization of K-alum shown in Fig. 6 . The water pressure increased slowly to about 1 kPa in the first 7 hours and maintained at about 1 kPa until 14 hours. Then, after the water pressure started to increase slowly, the water pressure increased rapidly to about 5 kPa. After 15 hours, the water pressure exceeded the measurable limit of the water-pressure sensor. The increase in water pressure suggests that the inner diameter of the pipe (the aperture) is gradually narrowed and that the flow resistance is increased. Figure 8 shows the change in the void area in the pipe at the position of the K-alum seed crystal during crystallization by simulations based on a simplified numerical model with eq. (7) and the present experimental conditions. The solid line in the figure clearly indicates that the area of the void in the pipe is gradually narrowed during flow of the super- This study Hilgers et al. 10) Hilgers et al. 14) Onuma et al. 13) y = -3.98 + 0.13 x r = 0.409 The open circles represent data from this study, closed triangles are data from Hilgers et al., 10) closed diamonds are data from Mullin, 11) open diamonds are data from Onuma et al., 13) and the large crosses are data from Hilgers et al.
14) The solid line is the regression line and the two dotted curves are loci of the 90% confidence limits. saturated solution, and the void in the pipe is completely sealed after approximately 60 hours. By considering the error of eq. (7), the time necessary for sealing the void is calculated to be within the range from 50 to 80 hours. However, this calculated time is significantly different from the time that discharge was actually stopped in the experiment. This may be explained by the nucleation of K-alum. When seed crystals are in a supersaturated solution where nucleation has not spontaneously occurred, it is known that the secondary nucleation occurs in the solution (e.g. Matsuoka 15) ). It was confirmed that primary nucleation had not occurred during 2 days in our experimental solutions. According to Matsuoka, 15) secondary nucleation is caused by various factors, and we expect that breakage/attrition is the factor of secondary nucleation in this study. Assuming that secondary nucleation of K-alum occurs after 2 hours from the start of the experiment, we calculated how number of particles nucleated contribute to narrow of the void area in the pipe, and the narrow of the void area are indicated by the dotted lines in Fig. 8 . The narrow of the void areas at the seed crystal position at unit time was calculated by subtracting the total sectional area of the particles from the sectional area of the pipe, with consideration for overlapping portions of particles. The crystal particles were assumed to be spherically shaped. As seen in Fig. 8 , the void area narrows quickly with the increase in the number of particles from secondary nucleation at the position of the seed crystal. That is, the presence or absence of secondary nucleation particles becomes an important factor during sealing of the waterpathway. When secondary nucleation does not occur, the growth rate law of the sealing mineral is the only essential parameter. On the other hand, when secondary nucleation occurs, the growth rate and the nucleation rate of the sealing mineral are both essential parameters.
Conclusion
The growth rate R of K-alum crystals was determined to measure the crystal size of K-alum during crystallization in aqueous solutions as a function of both the relative supersaturation and the linear flow velocity U. The growth rate law of K-alum is expressed as follows: 
The void area at the position of the K-alum seed crystal during crystallization was simulated using a simplified numerical model with the above rate law; however, the calculated time necessary for sealing in the simulation was overestimated when compared with the experimental result. This could be explained by secondary nucleation of K-alum. Therefore, if we simulate the aperture of a water-pathway, we should consider not only growth rates of sealing minerals, but also the primary and/or secondary nucleation rates of the sealing minerals.
